Galactose metabolic genes in yeast respond to a ratio of galactose and glucose
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I. Strain construction
The strains used in this study are listed in Table S1 . The wild type strain background used for this paper was S288C, specifically FY4 (MAT a), FY5 (MAT α), and BY4741 (1) . Multiple derivatives of this strain were created by standard transformation protocols. For example, SLYH14 was created by transforming a NotI digest of plasmid SLVD02, a HO-GAL1pr-YFP-hphNT1-HO integration cassette into FY4 and selecting for hygromycin resistance. FY5 was transformed with a NotI digest of SLVA06, a HO-TDH3pr-mCherry-natMX4-HO integration cassette, and selected for clonNAT to create SLYH15. SLYH9 was then generated by mating SLYH14 and SLYH15, and selecting for hygromycin and clonNAT resistant colonies. The strains BC1887 and YJM978 (2) were also used in this study. Strains were confirmed by colony PCR and a fluorescent readout.
Prototrophic haploid deletion strains (SLYH25 to SLYH29) were generated by mating haploid deletion strains from the yeast deletion library (3) to a prototrophic haploid, followed by sporulation and selection on minimal media, followed by selection on G418.
A homozygous deletion strain of GAL2 (SLYH20, SLYH21) was created by mating a haploid gal2∆ carrying our GAL1pr-YFP reporter (SLYH31) to a haploid gal2∆ carrying a constitutive reporter (SLYH36) to give SLYH20.
Analogous matings were performed to create homozygous and heterozygous deletes. 
II. Yeast strains and plasmids used in this study
III. Growth conditions and media
Cells were grown in synthetic media S (1, 3, 5) with 2% (w/vol) raffinose for 14 and 16 hours (the only exception being the gal80∆ strains which were grown in 2% (w/vol) glucose). Raffinose was chosen as the initial carbon source because it neither represses nor induces the GAL genes. SLYH13, the Mig1p-GFP fusion, is auxotrophic and therefore it was grown in synthetic complete media SC (3, 5) .
We additionally illustrate on Fig. S6D measurements performed in previous studies where cells were grown in different concentrations of galactose and glucose. Note that the specific quantitative details of the reported thresholds of the GAL pathway are strain dependent.
Bennett and Pang (6) examined two different strains YPH499 and K699 in a titration of pure galactose and observed the onset of induction of a GAL1-YFP reporter at ~0.03% galactose for K699 and ~0.1% galactose for YPH499. Biggar and Crabtree (7) observed induction at around 0.05% in their YSB7 strain. For the strain W303 (8-10) the onset of expression occurred at ~0.002% galactose. We observe a similar onset of expression for S288C.
Glucose at more than 0.2% repressed the GAL reporter for strains YPH499 and K699 growing in 0.2% galactose.
Biggar and Crabtree (7) observed repression of their GAL1-GFP reporter in an YSB7 strain growing in 2% galactose at concentrations as high as 2% (w/vol) glucose for a raffinose pre-grown culture. Consistent with our results, in both studies the authors observed that the GAL genes were repressed when the ratio of galactose to glucose was approximately lower than 1. In a related result, Acar et al. (11) observed the onset of GAL induction at 0.1% galactose in cells growing at 0.1% glucose.
IV. The effect of inoculum size
To test experimentally the possibility that an OD of 0.003 might be too high for accurate studies of catabolite repression, we performed the same experiment with 4 different initial ODs ( Fig S3A and B ). Starting ODs of 1X, 1/5X and 1/25X our standard level of OD 0.003 all gave similar results, suggesting that nutrient depletion does not play a role in the response we see. In contrast, the response of strains grown at 5X initial OD was affected by depletion.
Assuming that a cell has a volume of 60μm 3 and a density of 1 g/mL, its total mass is 60x10 -12 g (12) . Since around 30% of the mass is dry mass and about 50% of the dry mass is carbon (12) the total carbon mass is ~ 9x10 -12 g, i.e. 7.5x10 -13 moles of carbon. Using a strict estimation in which each glucose molecule yields one carbon atom, each cell doubling requires 7.5x10 -13 moles of glucose. An OD600 of 1 is around 1x10 10 cells/L and therefore requires 7.5 x10 -3 moles per liter of glucose, which corresponds to 7.5mM/OD. 10mM of glucose is ~0.02% so we estimate the glucose per doubling as 0.02%/OD. For example, the first doubling of a culture with initial OD of 0.003 will consume 6.1 x 10 -5 % of glucose. For exponentially growing cells the carbon concentration, C, and OD dynamics are given by:
(S1)
where is the growth rate and is the uptake rate per doubling. For example, a culture with initial OD of 0.003, a glucose concentration of 0.0156 % and a doubling time of 90 minutes will consume only 15% of the glucose after 8 hours. Fig S3C illustrates the effect of depletion on threshold response ( Fig S3D) and ratio response ( Fig   S3E) . The response effect was calculated as follows: 1. The depletion time for the cutoff concentration was calculated based on Eq. (S1) using a depletion rate of 0.02%/OD, doubling time of 90 minutes and an OD of 0.003. 2. If the depletion time, t d , is shorter than 8 hours (the time in which we perform our measurements) the response is the fraction between the time left for the end of the measurement (8 hours -depletion time) and 6 hours (which is the time in which the response attains its maximal value).
GAL gene induction was simulated at different concentrations of inoculum and assuming that the underlying sensor was either a threshold sensor or a ratio sensor. In the case of the threshold sensor, the induction caused by depletion of sugars alone does not match the observed ratio sensing regime.
In summary, these results show that the cell density used in our manuscript does not result in nutrient depletion.
High inoculum density (5X) leads to glucose depletion causing induction in low glucose galactose mixtures.
V. Metric for cell response
To quantify the percent of cells that respond in a given well, we first calculate the normalized probability density function of the i th well, ,
where is the measured signal distribution and x is the fluorescence in arbitrary units. Next we compute by subtracting from where is the signal distribution of cells grown in medium lacking galactose and high glucose (2%; the highest concentration used in any of our assays) and removing all negative values.
(S3)
The response, , is defined as:
We compared this metric to two other commonly used metrics ( Fig. S6 ): the mean of and the density of above some constant threshold. The main difference between the mean metric, the threshold metric, and area metric is that the mean metric does not saturate even when the support of does not overlap with or when it is above the threshold.
VI. Growth and imaging conditions in a microfluidics chamber
Time lapse microscopy of wild type cells grown in 4 combinations of glucose and galactose was performed using an Onix Cellasic system in an Y04C yeast microfluidic plate. Cells were grown overnight in synthetic minimal media 2% (w/vol) raffinose, then loaded into the device. Four different concentrations of glucose and galactose were used for the assay: 0.011% glucose and 0.0039% galactose; 0.011% glucose and 0.0221% galactose; 0.0625% glucose and 0.0221% galactose; 0.0625% glucose and galactose 0.176% (Fig. S4) 
VII. Mig1p localization
A strain carrying a Mig1p-GFP fusion (4) was grown in SC with 2% (w/vol) raffinose and then switched to a double gradient of SC glucose and SC galactose, After 8 hours, cells were transferred to a glass bottom 96 plate treated with Concanavin A.
To quantify the localization, we counted the fraction of cells with observable nucleus localization of Mig1p-GFP.
We also performed an automatic estimation of localization. We performed two global image threshold using Otsu's method (MATLAB graythresh) one after the other. The first round segmented the cells and the second segmentation gave the most intense fluorescent area inside the cell. In cells grown in high glucose the fluorescence is concentrated in a small area, the nucleus, while in cells grown in no glucose the signal is uniform along the cell. We calculate the ratio between the segmented signal inside the cell and the area of the cell, f. This ratio is typically 0.25 when the signal is localized and 0.5 in no glucose conditions. We define the cytoplasmic fraction ( Fig. S7 )
Both methods resulted in similar results; the localization does not depend on galactose concentrations and exhibits a sharp transition between 0.0312% and 0.0078% glucose.
VIII. Ratio sensing as a result of competitive binding
Consider an architecture in which two input molecules, an activator and a repressor, bind to a regulating molecule (which could be on the DNA or on another protein) which has two binding sites. Once the regulator is bound only to the activator it can induce the desired function and we define this state as the output of the circuit. The levels of activator and repressor are controlled by external stimuli, different sugars in the case of the GAL pathway. The system can have complex interactions and feedback loops such as downregulation of the activator by the repressor or production of activator by the regulator function.
Although the activator and repressor dynamics could be complicated, the equations that describe the regulator occupation are:
With the conservation, . The fraction of the binding sites which is bound by input molecule A is,
where, . Note that Eq. (S6) is not enough to solve the steady state level of the system. To solve the system one must write the relevant model equations and then substitute the solution of R and A in Eq. (S6). Then, we investigate what are the different functions of A(s 1 ,s 2 ) and R(s 1, s 2 ) that can yield a ratio sensor.
a. The linear case
We first analyze the simplest case in which and . In this case the output is given by the fraction of bound regulator,
where, .
The output function in terms of the unitless variables, and is,
The regime in which the output function is a ratio sensor, that is has the form when . Thus the condition for ratio sensing is,
Eq. (S9) defines the ratio sensing regime (Fig. S8 ). The maximal response that could be achieved in the ratio sensing domain is, (S10) Fig. S8 illustrates the dependence of the ratio sensing domain on the interaction between binding sites. In the case the binding sites are mutually exclusive, , the output is a ratio sensor as long as and the response has a full dynamic range from 0 to 1. As the interaction between the binding sites is reduced, both the phase-space 
This could be due to saturation in the transport of the external molecules or due to saturation of the production process of the activator and repressor. In term of the variables, and where , (S12) and in a similar way,
In the non-saturating case, the output function is the same as in Eq.
(S8) (Fig. S8 ). When one of the external cues are saturating, the response approaches a constant.
c. Ratio sensing input
In this case the ratio sensing is done on the activator level,
When R is not saturating, in term of the variables, In term of the variables, and where , and ,
And the output is,
The output depends only on the ratio between the a and a power of r when (note that when r >> 1, the output depends on the ratio between r 2 and a rather than the ratio between r and a) when, or
. It is evident that as the exclusion is higher the range of ratio sensing is increased ( Fig. S9 ).
d. Sharp response function
In the case where cooperativity takes place, the response function involves Hill function with coefficients larger than one. In that case the response function is, 
IX. Fitness experiments
A gal4∆ strain (SLYH42) and its congenic wild-type strain (SLYH10), were co-cultured in synthetic media + 2% (w/vol) raffinose for 14 hours until they reached an OD of 0.3. Cells were washed 3 times in media with no carbon and then diluted to an OD600 of 0.0005 into synthetic media with 0.0156% glucose and 2% (w/vol) galactose or with 0.0156% glucose. The glucose-only media was supplemented with 2% (w/vol) sorbitol to maintain osmolarity. Cells were grown 8 hours in media until they reached an OD of ~0.01, then cells were diluted 1:10 and sampled every 2 hours for 10 hours. Each sample was spun down, the supernatant removed, and cells were resuspended in TE + sodium 0.1% azide to stop growth -a procedure that takes approximately 25 minutes. Each time point was then measured by flow cytometry. Manual segmentation was used to identify the two populations. Data was then analyzed in MATLAB with custom scripts.
X. The dependence of U-13 C glucose and 12 C galactose on external carbon concentrations.
To determine if the internal galactose levels are dependent on both the external concentration of glucose and galactose we monitored the incorporation of U-13 C glucose and U-12 C galactose into amino acids by gas chromatography mass spectrometry (GC-MS). To ensure that uptake is not affected by regulation from the canonical signaling pathway, a mig1∆ gal80∆ gal2∆ strain was used. A mig1∆ gal80∆ strain constitutively expresses the genes required for galactose metabolism irrespective of the external concentration of glucose or galactose ( Fig. 2E ). Gal2p is the sole galactose transporter upregulated in response to galactose; hence in a gal2∆ galactose uptake occurs through hexose transporters without transcriptional feedback from galactose.
The intracellular sugar concentration is a balance of the uptake rate and the usage rate (Eq. (S18)), (S18)
where Glc i and Gal i are the intracellular glucose and galactose, respectively, u denotes the corresponding uptake rate and ϕ denotes the rate at which 13 C-glucose and 12 C-galactose are phosphorylated into glucose 6-phosphate.
Since this process is much faster than the doubling time, the effect of dilution is negligible. In steady state, the flux to glucose 6-phosphate for each sugar is equal its respective uptake rate (Eq. (S19)), (S19)
The 12 C to 13 C composition of amino acids, AA( 12 C) and AA( 13 C), is proportional to the 12 C to 13 C composition of glucose 6-phosphate that is directly proportional to the relative uptake rate of 13 C-glucose and 12 C-galactose, (S20) 13 13 12 12 ( ) -6 ( ) -6
Hence, by measuring the isotopic composition of carbons in amino acids we can measure the relative uptake rate of each sugar without knowing its intracellular concentration.
A saturated culture of the mig1∆ gal80∆ gal2∆ strain was diluted 1:1000 in 1% U-13 C glucose and grown to saturation. Cells were diluted l:50 into fresh 1% U-13 C glucose and grown an additional 10 hours to an OD600 of ~0.6. Cells were then washed 3 times in synthetic media with no carbon. Cells were then resuspended in 100 uL of synthetic media with no carbon and split into 10 mL of 6 different combinations of glucose and galactose to obtain a final OD600 of between 0.07 and 0.1. Growth was monitored every 30 minutes or every hour until cells doubled twice. Cells were then collected by centrifugation and washed in isotonic buffer 0.9% NaCl. Cell pellets were then manipulated as described by Zamboni et al (13) .
Since 12 C/ 13 C ratio is a dynamic quantity that depends on the number of doubling, we measured the number of doubling in 12 C for each sampling based on OD600 (that is biomass doubling). (Table S3 ) The relation between the 12 C/ 13 C uptake fraction, f, the measured 12 C fraction after n doublings, f n , and the initial 12 C fraction, f 0 , is given by,
After taking into account growth effect we found that the 12 C: 13 C ratio increases as extracellular galactose is increased but decreases as extracellular glucose is increased. 
XI. Ratio as a result of inverse enzyme catalysis
Consider a process in which a substrate S is being catalyzed by an enzyme A into a product P, with the back reaction catalyzed by an enzyme R (Fig. S10 ). An example is phosphorylation and dephosphorylation.
This process is described by,
such that the total concentration of substrate and product . In steady state, the fraction of product is given by, 
